This study provides the first detailed genetic analysis of the developing primate kidney, and our findings of discordant expression of gene splice variants suggest that gene arrays likely provide a simplified view and demonstrate the need to study the fetal renal proteome.
| INTRODUC TI ON
The kidney plays a vital role in blood pressure and body fluid homeostasis during fetal and postnatal life. 1, 2 In spite of the importance of fetal kidney development and growth, little is known about the repertoire of genes expressed during metanephric development in the non-human primate kidney. Understanding the composition and activity of the renal transcriptome at different stages of fetal development will provide a framework of normal expression profiles that facilitates the identification of alterations in development trajectory that ultimately may influence postnatal kidney function.
Current information on the genetics of kidney development primarily derives from studies in rodents. A comprehensive study of 5 fetal time points during mouse kidney development was performed and shows genes and pathways activated at each of these time points. 3 More recently, the Genitourinary Developmental Molecular Anatomy Project 4 has greatly enhanced understanding of the complexities in regional expression profiles in the developing 
O R I G I N A L A R T I C L E
The non-human primate kidney transcriptome in fetal development mouse kidney using several techniques, including gene array analysis. 5 Based on morphological studies, there are similarities between rodent and baboon development of the early kidney. Kidney development begins in the mouse embryo at approximately embryonic day (E) 8.5-E9.5. The ureteric bud begins to form at E10.5-E11. 25 , which corresponds to approximately 45-day gestation (DG) in the baboon kidney. 6 The definitive metanephric kidney develops between E13.5 and E15 in the mouse embryo. Similarly, the metanephric kidney is present by the end of the first trimester in humans 7 and rhesus macaques. 8 The lack of a detailed description of baboon kidney development from conception to adulthood at multiple time points has limited comparisons that can be made between baboons and rodents regarding developmental stages. 6 Although the timeline of early rodent renal development appears similar to primates, later stages clearly differ with rodent kidney development continuing after birth, while simultaneously producing urine, and primates possessing much more mature kidneys at birth (see 7 for multispecies comparison). Batchelder et al 8 examined targeted gene expression of 9 biomarkers of nephrogenesis using QRT-PCR in samples pooled from fetal rhesus monkeys during the first, second and third trimesters, at term, and in postnatal juveniles at 3-6 months of age and adults. In addition to temporal expression, these studies also described regional and cell type expression of the biomarkers of interest. Li et al 9 used gene arrays to study expression in human fetal kidneys; however, they used pooled RNA samples from 13-to 24-week-old human fetal kidneys and did not provide a timeline of expression of the genome through fetal development.
Our goal was to expand available data on primate kidney development, by characterizing the genetic framework of fetal baboon kidney development, using whole-genome expression profiling at multiple developmental time points. Multiple RNA samples were assessed at each time point from the end of the first third (60 DG), the mid-way point (90 DG), the beginning (125 DG) and near the end (160 DG) of the last third of gestation (G), and in adults. Because of the extensive physiological and genetic similarities between baboons and humans, the genes and genetic pathways characterized at different stages of fetal baboon kidney development can provide insights into the importance of particular genes and/or gene families in normal human kidney development. males, n = 3 females), 140 DG (0.8 G, n = 3 males, n = 3 females), and 160 DG (0.9 G, n = 3 males, n = 3 females) under isoflurane anesthesia (2%, 2 L/min). Techniques used and postoperative maintenance of the dams have been previously described in detail. 10 In addition, samples were collected opportunistically at necropsy from animals euthanized for health reasons unrelated to kidney function at postnatal day 2 (PN2; n = 3 males, n = 3 females) and at 6-12 years old (n = 3 males, n = 2 females). Kidney weights and body weights were collected at necropsy from the animals used in this study as well as other studies at the following time points: 90 DG (n = 5 males, n = 5 females), 125 DG (n = 15 males, n = 13 females), 140 DG (n = 11 males, n = 17 females), 160 DG (n = 5 males, n = 12 females), 175 DG (n = 15 males, n = 8 females), and PN2 (n = 12 males, n = 14 females).
| MATERIAL S AND ME THODS

| Animal care and tissue collection
Kidneys were collected and cut into half longitudinally. Aliquots were immediately frozen in liquid nitrogen and stored at −80°C until used for RNA extractions.
| Gene array analysis
RNA was isolated from renal tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions and as described in Cox et al. 11 For kidneys collected at 60 days, the entire kidney was used; for those collected at later time points, a kidney wedge was used that included cortex and medulla. Total RNA samples for 60 DG (n = 1 male, n = 1 undetermined sex), 90 DG (n = 3 males), 125 DG (n = 3 males), 160 DG (n = 3 males), and adult (6-12 years of age; n = 3 males) were sent to Genome Explorations 
| QRT-PCR quantification of target gene abundance
Total RNA from 60 days (0.3 G, n = 3, 1 male, 2 undetermined), 90 days (0.5 G, n = 3 males, n = 3 females), 125 days (0.7 G, n = 2 males, n = 3 females), 140 days (0.8 G, n = 3 males, n = 3 females), and 160 days (0.9 G, n = 3 males, n = 3 females) male and female renal tissues was used to measure mRNA levels of target genes with the Assay-on-Demand 
| Statistical analyses
| Kidney and body weights
Weights were analyzed in females and males among time points by ANOVA, adjusting P-values for multiple testing (GraphPad Prism 7.0a Software).
| Gene expression and pathway enrichment
Array data were all-median normalized and log 2 -transformed (GeneSifter software). Statistical analyses of array data were performed by ANOVA (GeneSifter software). Differentially expressed genes were overlaid onto Ontological pathways (http://www.geneontology.org/) 13 and KEGG pathways (http://www.genome.jp/ kegg/) 12 for gene set enrichment analysis (GeneSifter software).
Pathways were considered significantly altered if the z-score for that pathway was less than −2 or greater than 2. z-Scores were calculated in GeneSifter using the following formula:
, where R = total number of genes meeting selection criteria, N = total number of genes measured, r = number of genes meeting selection criteria with the specified GO term, and n = total number of genes measured with the specific GO term (Doniger et al 2003).
Cluster analyses were performed using the partitioning around medoids (PAM) method 15 to reveal the different patterns of gene expression within the dataset, for example which genes show increased abundance through development, which show decreased abundance through development, and which increase at specific time points and then decrease at later time points. These results are suggestive of genes that are important at specific time points or throughout development. Silhouette scores of clusters are used to assess quality of clusters generated by the clustering algorithm. The number of clusters that best match a dataset is based on the greatest silhouette scores for the dataset. Overlaying genes within each cluster (ie genes with similar expression patterns through development) reveals whether pathways of genes are enriched for this expression profile.
| RE SULTS
| Morphometric measurements of kidneys
Kidney and total body weights for fetal baboons from 90 DG to PN2 are shown in Figure 1 . Fetal body weights show a steady increase from 90 to 175 DG for both males and females, but the profile of renal growth differed between the 2 sexes. Female kidney weights increased from 90 to 140 DG, plateaued from 140 to 160 DG, and again increased from 160 to 175 DG, whereas male kidney weights increased from 90 to 160 DG and plateaued from 160 DG to PN2. Pairwise analysis showed significant differences in body weight between females and males at 125 DG, 160 DG, and PN2. There were also significant differences in body weight between females at each consecutive time point and in males at each consecutive time point, except 175 DG and PN2. Pairwise analysis showed marginal differences in kidney weight between females and males at 125 DG and significant differences between males and females at 160 DG.
Comparison of kidney weights at consecutive time points showed significant differences in both sexes from 90 to 140 DG. There were also significant differences in kidney weights from 140 to 160 DG in males and from 160 to 175 DG in females.
| Whole-genome expression profiling in male kidneys
Whole-genome expression profiling was performed on kidneys from 60 DG baboons of undetermined sex and male baboon kidneys from genes that passed quality filter and were denoted as "expressed" in at least one time point studied. Statistical analysis of the dataset by ANOVA showed 4698 differentially expressed genes across the developmental time course (Table S1 ). The top 20 differentially expressed genes are shown in Table 1 . Because some genes on the array were represented by more than one probe to detect expression for annotated splice variants, some genes appeared more than once on the list of expressed genes.
| Pathway analysis of differentially expressed genes across development
Overlaying the differentially expressed genes onto KEGG pathways to provide biological context showed 31 significant pathways including adherens junction, cell cycle, and MAPK signaling pathways ( 
| Pathway analysis of non-differentially expressed genes
Of the 11 331 genes expressed during kidney development, 6633
do not show changes in expression from 60 DG to adult (Table S3) .
Overlaying these genes onto KEGG pathways showed 31 significant pathways ( Table 3) . Eight of these pathways were also significant for differentially expressed genes: adherens junction, complement and coagulation cascades, cytokine-cytokine receptor interaction, gap junction, MAPK signaling, neuroactive ligand-receptor interaction, prostate cancer, and ubiquitin-mediated proteolysis. In addition, abundance of 37 genes in the VEGF signaling pathway and 63 genes in the Wnt signaling pathway did not change through development.
| Branching morphogenesis genes
Genes known to play a role in kidney branching morphogenesis include frizzled homolog 1 (FZD1), frizzled homolog 7 (FZD7), glypican 3 (GPC3), homeobox A11 (HOXA11), integrin alpha 6 (ITGA6), matrix metallopeptidase 2 (MMP2), secreted frizzled-related protein 1 (SFRP1), TIMP metallopeptidase inhibitor 1 (TIMP1), Wilms tumor 1 (WT1), and wingless-type MMTV integration site family member 5A (WNT5A). We observed 3 expression profiles for these genes: (i)
Gene expression decreased from 60 DG to adult (Table S4) ; (ii) gene expression increased from 60 to 160 DG and then decreased from 160 DG to adult (Table S4) ; and (iii) gene expression increased from 60 to 90 DG and then decreased from 90 DG to adult ( Table S4 ). show expression changes from 60 DG to adult (Table S4 ).
Genes that increased in expression from
| mTOR Signaling genes
Fifty-one gene variants in the mTOR signaling pathway were expressed during kidney development. Twenty-three of these variants were differentially expressed during development; 10 showed marginal differential expression (.05< P < .1), and 18 did not show changes in expression. Among the differentially expressed genes, we observed 2 general patterns of expression: those genes that decreased in expression from 60 DG to adult and those that increased from 60 DG to adult. The majority of genes in the former category showed an incremental decrease at each time point measured, whereas the gene expression patterns in the latter category were far more variable. For example, 1 variant of phosphoinositide-3-kinase catalytic beta polypeptide (PIK3CB) showed an oscillating expression pattern through splice variant was differentially expressed with an oscillating expression pattern (Table S4 ).
| Cell cycle genes
We detected expression of 150 genes related to cell cycle regulation; 77 of these genes were differentially expressed through development (Table S4) (Table S4 ).
| Rennin-angiotensin system genes
We detected expression in 9 of the 17 genes in the rennin-angiotensin system; 5 of these genes were differentially expressed. Among the differentially expressed genes were angiotensin II receptor type 1 (AGTR1) and angiotensin II receptor type 2 (AGTR2), both of which also had splice variants that were not differentially expressed. In ad- (Table S4) .
| Apoptosis genes
Kyoto Encyclopedia of Genes and Genomes pathway analysis of apoptosis signaling showed 83 genes expressed in the baboon kidney during development; 25 of these genes were differentially expressed including caspase 7 (CASP7), caspase 9 (CASP9), and TP53. Five of these genes have 2 splice variants that were differentially expressed, and 2 of these genes have a splice variant that was not differentially expressed. There were 3 general expression patterns: (i) Gene expression increased from 60 DG to adult and included genes such as tumor necrosis factor superfamily, member 10 (TNFSF10), and apoptosis-inducing factor mitochondrionassociated 1 (AIFM1) genes (n = 9), (ii) gene expression decreased from 60 to 160 DG and increased from 160 DG to adult (n = 3), and (iii) gene expression decreased from 60 DG to adult and included 2 splice variants of TP53 and 1 variant of CASP7 (n = 18) (Table S4 ).
| Sodium ion transport genes
Gene ontology analysis of the dataset showed 24 of 61 sodium ion transport gene variants that were differentially expressed. Four of these genes have 2 splice variants that were differentially expressed.
Twenty genes show increased expression from 60 DG to adult, including 12 solute carrier genes and 1 sodium transporter; 4 genes show decreased expression from 60 DG to adult, including 3 solute carrier genes (Table S4 ).
| Cluster analysis of differentially expressed genes
Cluster analysis by time point showed the adult kidney samples least similar to the other time points and the 125 and 160 DG time points most similar ( Figure 2 ). Cluster analysis of differentially expressed genes indicated that 2 clusters best defined the dataset with a mean silhouette width of 0.408. Figure 3 shows a graphical representation of each cluster, and Figure 4 shows the heat map of gene expression profiles. Cluster 1 shows an increase in gene expression from 60 DG to adult, and cluster 2 shows a decrease in gene expression from 60 DG to adult.
| Pathway analysis of Cluster 1 and Cluster 2 genes
Kyoto Encyclopedia of Genes and Genomes pathway analysis of cluster 1 genes (Table S5) showed 56 pathways with significant z-scores and included cell cycle, MAPK signaling, p53 signaling, and oxidative phosphorylation (Table 4 ). Analysis of cluster 2 genes (Table   S6) showed 48 pathways and included adipocytokine signaling, ribosome assembly, and toll-like receptor signaling (Table 5 ). In addition, there were 14 pathways common to both clusters including citrate cycle, fatty acid metabolism, notch signaling, peroxisome, spliceosome, and Wnt signaling. GO analysis of cluster 1 genes included 865 categories (Table S7) , and cluster 2 genes included 827 categories (Table S8 ).
| Gene expression unique to a developmental time point
We evaluated gene expression at each time point and identified genes with expression unique to a specific time point. We found 73 genes expressed at 60 DG that were not expressed at any other time point analyzed by gene array. Included in this list were CCNA2, H3 histone 3B (H3F3B), and solute carrier family 39 (zinc transporter) 9 (SLC39A9). We found 13 genes unique to 90 DG, including apolipo- (Table S9) . and EIF4E was significantly higher in males than females at 160 DG.
| Discordant expression of gene splice variants
There were 1873 of 7182 annotated genes detected on the array represented by 2 or more probes that detected more than 1 splice variant. Of the genes with multiple splice variants detected on the array, 808 genes had at least 1 splice variant that was not differentially expressed and at least 1 splice variant that was differentially expressed; 108 genes had at least 1 splice variant that was differentially expressed in cluster 1 and at least 1 that was differentially expressed in cluster 2 (Table S10) ; and 34 genes included splice 
TA B L E 4 (Continued)
variants in clusters 1 and 2 and the non-differentially expressed group (Table 6) . Genes in the latter category included translation initiation factors, ribosomal subunits, ubiquitin, and predicted genes. In addition, the frizzled family of genes, which is annotated as a single entity in the Wnt signaling pathway, shows some family members upregulated and some downregulated during development ( Figure 7 ). We validated expression of the SMAD4 splice variant that showed highest expression at 60 DG with decreased expression until 160 DG.
| D ISCUSS I ON
EIF4E is a rate-limiting eukaryotic translation initiation factor and is a component of mTOR signaling and insulin signaling pathways.
We found that EIF4E differed at 60 DG between the gene arrays and 
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